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Background 

i I 1 \ -u.ktple fopwt mn^spic- . a e< t « MIMO) . otsv^ne^on. »y»te n en»plo\ <! 
rmmtpk t/v r > ^mmn antennas and tnuiupte (A>) receive antennas for data 
- « »s oo A \M channel formed by the V transmit and \ s u 
may be decomposed into N s independent chattels, with N t & min . Each of 

V 1 t ieicn < n , mtw s > sc re .avJ i<< , « v « . t i\b,, »f -'^ ^ \H\P ' 

! s > i» " I U O «. 

performance (e,g, ; increased s > \<- m capacity) if the n ftk^' 

to i by mshipie transmit > receive antennas are 

> < \a > « . n e < 

o io t < s f Each 

\j it I ihinc i , >hn sj.^r * < ^ \ t uv>*< *huh is 
,nr ,rs u n, , t v h e v i* r , » ( eo sen ^ <. »*i 

frequency bins or subbands) of the overall system bandwidth Wuh frequency selective 
to* each spatsal subeirinne; mav iieineve different s m *i » < aei iu 
\\ x t x i v t - «. n n so. 

n^jt .io« ^ ,vi i i s h« o, t m 't ? acntSvvvH- 

>>t oi , us s r ul.o,«>!W ') ^ seoo e, e * Sep i - ^« 

i )n s t , e-er o >* b * ! '0 t\ s M xeaexe he h^w" < ^ 
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>, i vi* 

K) lo corahs ? x s ,\ hI v w m <s i. < 

frequency ! > r;adb}dexiog (OFDM) roav be used 10 ellecbyehy y'h. the 

U 0 N S f US \ x ! i 

* On > , ^ i V\ x ^ s\ N ! »s u K 

V }l v ! i } } ^ O M DM W \>S . i 

that a es OFDM <i.e a MiM< OFDM > - < requei foeha e! of each 

vp- ' < s > , X >< I 

11805] V - <. o > > ) < « f 

u -> i >u- --a * s m i 1 w »* v i < f« a data 

i,atiV>! v s < - v s 0 X ! ^ S 0 <M <j hi A > Oo <S !s t<> 

rnaximke t i i while oseebog egadby ohjecoves., which may be quantified by a 
ganaabar packer error rate (FEE), certain latency criteria, and so on 
1 100b] One oaagh:ga\aed iechraqoe for selecting date rates and coding and 
-x , , a o<- schemes is to 1 bit load" each transmission channel io the MIMO-OFDM 
-\no f N h V 2 a ! s da- 

t »-so5 <!U! ><\ x\ ! M Dx>vo a o , major 

drawbacks. Feat, coding and m M t ^ b for each u ms o channel 

tO <- | i SMI ^ ! \ 

reetaver. Ssjcorab cooing indoadnrbty for each earaninranon channel traiy great iy 
increase coding and decoding delay. And third, a high feedback rate would be needed 
a v« i < tg^ I 're - nama : araahO-s^a <e $ da 

^ snel 
UW| \b <, be 

u\ ed of < „ ' i i i < 

with > n ; > is d < 5 v ft o of 

) S «v< ! as' ! > - * < 2 j N 1 io 

exaggerate th ta j > ask 1 " v > -. s ,v < no 

thai a^ x ^ i • x ! i t < s ■} *■ < . « is a 

t f\ a--at- a- ahc--cb> tav-o -;-aaa' . - < x < - ' 

-amboK in oa> r^rvs-a s-'gn.d IV K i - ■ 1 
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! K < > v < <> i > v h o\ x < ' \> hl^iC s, d?i t w i . s 

Thus, > a < s t A ^ i w a < m xwu s ^ !N im. 40eNt>OB 

n se\ e> i v. < t> \ v.: *:\ s a n ^mMJ ioi n 

x > $ II tori I c $«e.s to achie> - vera! 

f f f 5 mr < \ n \ ■, s^ 

eh-oaneks h > edcieieno *S 

SUMMARY 

|!00^1 U> ^< ' m^ ^ m e \ - ' > s ss,o< » a 

>\ -es ,„s i „\ ^< < 1 , U\1 n\ ens m:'. Mr re r ;m<m,OKe x s' , hvr 

v t < < iiK X ' ' I'^fl ! \lf>(\t «l .IS 

I v!«c!i oyj I quwev-do m channc ! ft, * 

inversion, \ > > ■> ^ u ^ results to derive pu!se-$hap»)g and beam- 

steermjg solus u ; no she u i iU - and receiver. 

I' 10101 Channel < n- f < J8 performed at the transmitter to i 

n , K ^ ! i ti 1 is n > > ' v { ? < 

,> hi ! ^ On ! { > j ( 

tramrmssmn over she M.fMO , ^ v 'lio: e :io\ mhvs oi may be peribrmed 
*sed < * » i ^ ^ i»f< !k < n s * * 

i V t K 1 ! \ ' t < 1 \ i „ 

U ! - t s,> g, t » <, > M\ P 

K o \ * i 1 > ( v \ < i < I .symi 

s;rean;s v recovered at the receiver. 

[.101 1 j Channel hiversion Is performed at the transmutes a? derive weights, which 

are - see , rs,« „ a ^ < *>♦ k ^ u no he 

e tt uh< nv v v mn > n s ! 

i s e N < v N x v > < e i 

< s ! S ! vllX * S 1 1 ! C ' i 

hequeecy respond of the eiger; mode. 

m\2 'Vat * a * ! v * ! s < i > > 

the total n'H< •> - transtn.it power to ihe eigca;)K!des of the KWMG chmnsL In 
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!!-!'," U t 0 J < > ! 5 *'» MO ! 5 . ! 

til i ! t< •> ' «li ' S f V ^ US V ! 

t .'<k t powers > >P>< > ,\ a>ot>ht.ogo oudsM ee deterromr- sot. 

5 t ! ; ^ - ' * x dmg and modoiam v \ to be used to - inn 

! i { ? JJ ' i V J ! 5 O ! 

.Mi h s pa; tr | i o iixs of mo» 

> a i ! s for each eigsnmoc An 

i !1| ! f IK !K k>f I v S UM * X ■) 

rece? * ? ' 1 > aooel ergon 

} i > i < , hi , J < v 

urnl > s o - i am b 5 s. ise n «ie o set el 

< ! M v'KiSU v. ^ n U k v H' 'lO vi.H i V (! 

, respect; ve omemnode med for Jr.- transmission. \\ k analysts may also be 

a } < 1 > a iks 

jo of ft transmit powers allocated to she *.<■ j> « < A pu.ke--shap.mg matrix 
i< i < 1 1 t > o i > i >t th« 

wights, and the sealing values (if available). The polse-ahapmg tn < composes 

s< , ( J t , < } 

>!> c t < > < *< j^h i i 

\ tdU < t 1 j . < 

o v. . - o s s * < i > < <} H.o \i ot 

iiilU 1 > i < ^ i < i i f i 0 ! H 

> t M S ! >. t U ' ' ! > i i t 
M 1 n t v 0 v i > ! ' <. < » f! ^ i < v t 

\tl K i i > h u I < Sj ' i v << the 

josnsmjocd dooe 

[iOISj S x < - \xhmes J - s s ' d m f'ml 

dfcfai! » h ! \ sm^ j «>v I » ' > a >« >' 1 !s 

JK ! 1 ! i * I i'N OS 0 i 

spec ttbochm nts s * » ur< he im » < k f > ; »» 
detail beiow. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Ola «. no j s \ 

more apparent inom the derailed description set forth below when uken in conjunction 
with the drawings tn which like mfeencc charocters idemdy o . - r - >m<o 
hwoughoc: aw! wherein 

ni FIG S is a block * < i r 

K'iliii 

, un ^ > f , v < ^ <- ) 

I0t*» <. c j n ! ! s * < M 

iht weights used » invert the f ^ i response » ^ eigenmooe of a MiMO 
channel; 

l$Z® < 1 1 , e ' * m 

i •> > . o vSIMO ch3J» 

HC1 I S! i i i S * < 

!)>»!, v •> - \ j d\ SU 

102 ! I 1 > i ! j ! i ' 

eammhier and; 

FIG. ? is a block diagram of a receiver ami within i receiver system; and 
U«M ! > > • 

reeesvemmn 

DETAiLED DESCRimaN 
i!d.e5f 1 v v ! 1 * s ? < ! .tr a 

? . ^< » % <• , L <m> < v n For 

O ■> \ i "» i ts U I > t 1 i ? ! ' 

- i do r ' p k M yo * t , < >) 

§UOrd \ v \, - ^ s * eio f J ohm i 

receive antennas for data transmission. A MiMO channel formed by the Nr ! > ? * 
\ l< <_ \ o Mi 'X ?'Jf.vve\ v 1 t with, 

V * V T \ * ' , X , { , i s O ; <• * s 

5 1 ^ M< , el s mi span aanneb is dei« * 

ihe number of esgennxxie^ for the N-UrdO channel, »\hivh in mm t? denrmdem on a 



WO Hmmim? 



6 

\is&m n\ I * \ h« « >o s \ x t <. "> ! 

>j I i h< s a v i * •> si 

a receiver system 150, which are capable, of implementing various Signal processing 
\ ,a | o- described hcneio. 

jUVSj >Ui v o s >f ^r ^< io i s ru i r 

j s o j ■> > o >f o 

data bsssd on one or mors coding schemes oa provide coded dais. The coded traffic; 
daian < * f * eaao me division mull 

«TOM» <>< code .i;vc.n>c mm a u =CUKh. in > i a subset I >K <. f t o be 
s , s- s J I v * t , i ^ m - < < s vn '.Si pirn " ™ r-ee r s s. t <>^ 
manner, if at ad. 'Ice moHm;esec f and coded traffic data is interleaved and he 

v i i }>\ ! b ! V !< I > > v 

modulation symbols. In an embodiment FX da? processor I I , *vnk one 
s 1 to The 

data rate, coding, s < I and rriocciaocn > each oiodoiadon symbol o.r may 

b t c v ] t ^ i 

pi 29] fion sym io a IX MS i s > J 20 

and t i meo'f \1 M 

4 t ' • k s i, i 1 1 lu,s • mi' tm 

s ,4 Ml -V v t \>< - 0 ! ^ 'If v OS; df <! v 

yn\o i 4 >u< t i c< s > £ < <Cvi, o vecto 

:u lit r 'i > s, - v v o -> <i \* i«J (3 

denvkm a oansmd > , s i ? pnise-shapsag matrix baaed oo the steermg vectes 
and a weighting matrix indicabve of i e transmit posvets assigned to the frequency bins 
no x s s t i y f * I 

id.,! f t Ml i ^ yr Oi s , mx s g h> T\ 

MIMO ! ' ! st !, i Up t of 

I sv 22a 1 trough S 22t 

[i03i*j i , ! ftsT! i:2 s s > , is , < 1 ! 

into 1 v or moo m- «' » » c« $ * arid 

i 1 v s s , ; i \ T u v mo j k \d - t <. for 



i ' 1 m v a> v^tcc 

i 1031] \in o i \ 0 ( ' „ e s ? - > <• 

sis . 1 > ! is i iihaMul n* \ O ^ ! i 

to 3 respective receiver (RCVR) 154, Each receiver 154 onlsi^h (e.g., i h 

! f f i j > (it? s i , 1 v i 

Signal to provide a smmn of samples, and t'rether processes She sample stream ro 

> t<i u \ ! I ^> R v s V> N e< 5 i v t?d 

> > sis > ^ < s f jv jp j s s s \, t f t f, N f t s Mse? 

Iw i i S ! , d > ; n , S i!-s s>n <; i 

In p o; I > , r en?, the < j N N » > s ?s n (1) 

5 i ' i > sp\ l , ! 

(2) decomposing this n t s to derive a set of steer-cg vectors tor the < t o ? , > 
donv rs| > receive spa 

and (4) cfiriditiosving the received syrohols with the putse-shaping matrix to provide the 

a }>> 1 > us <\ s >\ - i d \ i u ! ? < 

dcoa! is ii-rs 

i , i ? ? atid 

^ > , <i * < ^ i i i » ( it ! v m 

i t i d ? i o R ^ * ->\ - \ jMo | , in, t i p\ data 

processor i62 >s complementary to that gerforoicd hy XX MR ^ > processor 120 and TX 
' is u\ " t i n 

Rim g\ V x k > ! !> * ' it s i > 

\ |\ N , . < i s> < << > i i i i 

pV\'(si s s , j s Ui s fC t ! R\ \1 S >f v. S i Ut i WiUli! hi »s 

provide R > Quantities to a controller ! > RX data processor ' may also provide 
i s i( s I, v< jcf? iavCtvK? p^va <<i r, i ic oi i> t v. diet petro cn.ee?'' 
indicative of the decoded results, and possibly other infontutioft. Cbnmrifer l?0 tnen 
nn rate infonrc on i met * > < > p id os i the 
i etc s > <. c v\i o it- \ \!PdO ■> s s i,s < < x , ? >i i <•> The 
CSI «v p <\ s*.U b> > % o i\ s >•) ^ d - c s a < t Oi ISO, 

>o son b„cs lo - „ ,r l<-i s\sk<?o HO 
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> ! > , \ C * 0 V S S v. "> J 50 

ma. wc^^h ,v s • v !K ' > v , ' -v. uwc s <. b> a 

^ f K <0 v > 1 v \f S k t I v' ''I ^ K 

> ! 1 < t V v f \ i pS S 

i 14 and TX M1MO processor 120, 

HBSj Control n ' < nsroit d ;xxv 

systems JSpeellveh Memom 132 and )?:?. p I torage fot prog arn c< < s and 
data used by eooholierx- 130 and 1.70. respectively. 

M Si >i ! > 1 ! V K , ,vN 

< < 1 < 0 i * S the 

oa. a ^ v ,e . < 

|CC7? Channel. eigeTi-decomposbiors Is performed at the transmitter to daermbie 
?h«< \ m< ih M!MO ehjmnei iiT« in s < n % i - ~> 

are used to pfecondiben the r,s un s symbols. Channel . ~y - ' ss also 

performed ;n ihe receiver to derive a second set of steenog vector, which are used to 

in receive i ; i i s h rs ; 

ortoogorialoee she syoibo; streams uanararUed over hie MIMO channel. 
IPVSm 

vV N f i s I As 

noted s i e * ' < n * < * * * C 

^ 1 ? « 1 , 1. N n o t it i 

a < <. < f-..a ; .uvney < ling in-.xy he 

o v ) i j( « tpe tceoes 1 \ N y < ! >;? the f» 

>- Hou, >. v * •> ss v o* 1 e »c> e< > mvts^ing 

f<M v ; * \i ,t p !v < < - ' ' > < *i n m * 

<. V V S^ N. < 5 ' ! < ^< ! > * ) 0 il < 

the receiver. 

* W«k r -p s 1 is on »?pmohb 

{ t i o > 1 rs p \ r liMCs r- t ^ ^ <u \ul i 

pebbrmance Is achieved. The ' > ri power abecafed to each eigeranode may toer> 
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i 1 < the ctx reme to be used for he 

J 10401 *t V v.! s ^ < S ,f V <. 1 \ -, t v ^ I 

' ?041> H u s u v. " i > ^ i i F* M 

i i ! > ;n < > i 1 > vuil 

i < ' i N I i V < <^ S I 'O - I S 

nit u > v N > > the maxim*. 

H -n \ x It iS 

i V N > ! 1 i X 

thers-.by Hi f srepddbmg the . i < ^ The leehmqces > o hecem can 

thus gtesdy simplify the ><>?>*<< for a data Oacsrmssxxi by avoiding the » 

SH - r i ! , ! ! K - ! 1 n > \ x ! 

curing 

Udlc- < Ki v .1 i ^r ^ - j n on > i , n s s 1 , i vV. 

recent lhaX do not tequ si ! lee the 

complexity of the receiver processing. In contrast, other w=de»baed e \ 1 < m 

iechmtnos typically require complicated, spaceomse -\ > so recover the symbol 
streams. 

j Hole I I;.;;,: s emodomam » ,1. > n i 1 hemm cart more 

,1 l l , > * ^ »! ') N <. I k t l 

based ; = n : ---e..:n:aH> s ee.ipHp t "mm ^ ^ i t > >.h i ■.h,.<;mdp-bv r s t< > < he 
i.K in ib < 5 i ' hi 

[ipUi r*< s * i t » s ■! 

)!;■> r \ ; i tx qu< - nxrem. 'Trans ndfc 

N P > bGpmiem oftlx smmer p< ^ >ro £ U> m FIG 

I. mi . * T\ v ! i t > > ! ?i i , n and 

\W il ! M v i ! f j i j , j ^ b 

i s ' x i i u n i hi - me s i s i i , "> 

{ , l l N \ ! ! < > < i bi\ 5 < > i 

are on.; ernbtxlimeni of IX daia pr<x:essor 114 enp TX MIMO processor 120, 
respect; vehp in IK< b 
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to 

i an encoder 212, achannei - UK am symiK Japping elemem 116 

. } > < t ! d<- 1 5 s " 1 * ! ! < 5. h ! mmn< hs d > to 

t . or more co m> ^ nes t vie o< bits v d s 

i i i t j t < > n ^ to 

<.K <\ i be used for u 1 > ? * n ! tor each eogenmode (or mm <ujb h i 
elected for t data s litem MttixKUments * » , v ; < 

^lu;m- s< \ i. <i < c<l! o - , mK\ , to a v-eetoto eochny 

1 b il t\ I m H < > fi > ; lh . < v ' f« - <> ^ 

! > i , < ^ , ' (. 0 v «. n t !< t \ 

<•< i from h receiver system. Each selected coding scheme may include any 
!<m < { i i i en s * u e 1 ! * m t, die 

block coding, mid other coding, or ee cooing ;t* aH 

> 1 iv< tt h i! 

<- \oo heme U , 1 the 

0 I i i s s h vetoed 
h;.he 1 o j t M . hi 

eoimkido-e betwmt coded it used, to form each imh i >o symbol. 

HU s 1 V >^ c e f m <- < foi u< i o to 

tot m i it ( to >\ - ^ s <■ ! < > n ^ v nh <n . 

mere i ' i.-xia 1 , i«i 

v , v. i ; i i * e < ' t.h d>N ! ! 

p, \ u s e f ^ ! hi f o< d 

selected , e-c i -a c 

[HUH I n o 0 ffi I { I oie i » \ iiee.r by 

\ X \ > 1! S i < i i i to 

i | i. i ! n H ii , S | i I 

s u nv w s „ ! ic !. or or tha sp e h \ se! 

1 ! ; ! !> < i v , ^ ^-s i ^1 ! SAM > > <. m , Eeeh 

-.<.,, >>to , v ! ^ tod l. S<U to; \i .H " I <■> « ! iO n 51 i 

S bo i § i td me - m ess to md to yn sto jch to ol 
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I ! > ! i •) > d \ il ! 

!"l < < ! , _s. S<. 1. f k 0 >\ 0 ^ "I 

< ! I 2 ! P i S S < 

1 > i < < V ,\ ' - I v \X i 

V ! ! i sv <>, s > * S x V ^ N S 

b*. i ooim a o up 5o A, enseal sebchakiek for She vm symbol pened 

1« ? Hi » % s ! s 0 l J VIMt» IrttN 

estimated and used so -* <. n o the fnodu.ter.km symbols prior us srareomssmn to she 

k\MV i v); 00s hi . ! ! <m CO SO! ^ \ d < 'PI ^vkiU In doV> (U C lint! 

! > ,| > - > < o v \ i "s she 

lo a en, division duplexed (TDD) systeoe the i > v.o mk and upbok share -5k sas.no 
i,< p t ; •> 0 m * s 1 n m - s > ! I I f t a mor 

i' Ill '00 < , I v. o 

the 5ronsooUe.rsvs.km may esoooUe die uphok rimmed response (e.g.. based no U:>- pbot 
; at J by the receiver o oo she uplink) and may dien i u the downlink 
St ,! >n h >n Kn >o ^ « . n ntt 

md eecess ft s > > e < l 

[W^: I >vu'i vl i! um.hI ^ i< ic vf» , o XX 

MIMO processor 120a as a sequence of ^ * maunes ; , <> < s < > > 

tii i li S ! I V > i 5 I 

respoose maim,. ^ The s > o > o, n - < the com mated channel impulse 
,\> \ U * > | > 

> !( > ! i ■) 1 i ! I h .1 

job Sokseai aokuom m ;io c-sh recei ve arkemta. 

jU-v \\ ; S. " , « i 

ode estimated ch,.emei impulse mspouse n-i \ $ (e.g. } from the receiver sysnoos I 
do< mm < >n<.ku mk m> m ! ueosi \po % se ioo H by 

periosimog a fast Fourier Uknmnn (FFT) ou the inatrix $ (i.e., H ~ FFT@) This 
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uy be oed by peO^n-nmg oS pes J FFT <*n sequence f <V> sa e- t eo 
s i f <j *e no r V i <> M er» o< h ^< si N >i H 

!K t Hivn , ) ■> ! i ^ i i T"l U !• * 

c FFT'.f. The Ng->Nf «k *S > hu V, \ set ifcoefl >tes< 

the frequency responses of the propagation paths between the Nf immmi *m«J 

' u'H i u j H k <T v h n ' i. \h K 

"'V ! v - ed s » ( i <v res s « x, H wy also he vjewed as 

) t ( < < lh- > < - * i \ ~ * 

* K sin - 4 ! > ^ jlum 

\ \ i t K>> ,1 used 

for data s . f i\~u>n \n one embodiment for pv. " > n ehanne! esgen -deeompashion, 

i t > I s fu > ) 

frequency response * n H , in an embodiment, the singular value ! )< t ' sn 
B >' ' 0 \, \„ ~1 i 

o mo * of matrix H k > for frequency for & (or t^ut^ \ *, s may be expressed 

as: 

lb.\< iUdfid <o , Eq{]} 
* { se Ibfo - en % Y„ > nse n.nO>\ u e , U ? ! h < 1 j f > ' i 

Kh < v > 1 0 5 ! 

\u i ^ ^ ?n o o no i \n £ i < '■■ ot ft O oid 
\<< > nn X, v X ' > t - i O \ 

The d;agorud metro; Aid) contains s > n <■ ;e;d \ along the diagonal u e .. 
\t\0 g l k <■ > \ id i elsewhere he a(£> for 

i~(b 2, ... .N r ), are referred to as the \r < ^ * the matrix Jl* v * The 

n i\ i - < ^ S v' on o i s o cksu 

i! S ! n O < t \ i ^ ^ s. tftit Star ; m | » 
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^ J ! H ! I Pi < \v ! h SS 

un.orporatod herr-ei ;>> reference, 

sun of t!« ! ompositioe is three st 

* A., and V >; ..where 1 =■■= 1 '(0) ... ... ft j A , ™ if. , and so on. her each v.^uo oi 

k.. l)ik) n the \,\\ umtary maim of left eigen-vecuars of 11(A). V;f) ?s ihe 

^ X \ jji, (i ; ^ H W \ t I \ \ V 

is i'j mams of h , < |1 

[1054] !0 < ! N i i i !i ' IV V ^ KM! , ^(S 

224 n<vifn < * 4 U> 15 H > . vii jes or the 

( « re i t ^ R* en ; 'c uk sOu;h r s i ^ > i Mh jus 

III / i md I- i * 5 I| < > * 5 ectors of H(£:), ot 

\ i i v K S > ! » ^ ' is 

now, n, s lb I i 5 o > , ^> H <U jtun 

be obtained as R (k) ~ M{0H" ;4) . The eigenvalues of bu s square matrix U \l t 
I i ... H i n uciorx of 

R (to would be ihe left esgen- vectors of |fbs>, or |J(s) , 

s t !< >t 1 todt ; 

! Ui N \ > - > i * >> < V ( ~ 1} , 

The \ > 1* t 1 > * 'h \J'Vn 

v KjjuoK 

eh v tos h Mjri< henra ft"$ * U< ^tscncv onH 
ftW| to \l n i ! < n ! t> \ < . h < < << » 

\e 0^ n ! edv > Mito , i v ; > ' .to 'U",!' 1 ! )»' f an tie ol 
s peso ;o » \ ' lito so ,hs 

sieerrog vectors associated i frequency / t to be used to' rive receiver for the elements 
ol the '< ee s ! - x>! vectors tin ; >e matrices L ! ^h x1 V(A-) for 
i % I i t on >n eh \ s hi < ^smhtod on d 



wo -mnmmi 
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> xo * w»l streams ai the i wur ,M to ,on hu he x ^ ^l^ 1 
s* v. > i at the receiver, either > the foxpxixy vO i or the erne doxxx the recuh 

! H i, xU t v > ! ! 0 miV ^ < im\ x s t > ^ 

x j * <no per dger;mod.e (as opposed to per bm} : winch e&o simplify 
- - < s < * , ° c? 

; £05"?) 1.x ek •>$<.-•>*< oh x- m< dsaxuxi oF Au > are. d , ti. > ; for 
2, r(£)}, where r{*> is the rank of Hh ; The columns of Ip) and V«} f 
n u"> >»xi > tO, x k retook ea v Uxor- to fix <> A)i <u.*eo ^hkf< xx be 
exp et -X .r- 

. 105*{3 1' \t- > a \ «* for 

k CO L .Ah » iX fxav V$n-oidct. > xw tones e so <.J on >o ,> i.<\,.x 
h«. sou w > i n\ s are 

< i ids s > t« I < tS ^ * „ * > vU\> < ! <- 'N 

i * , i i i,l > I S i H s nxn X 

h sh miiv t t i \ <u i x s \ n 

| i 5 < , ». ft t > j f i x 

> s > n s S S\ » ' ! < C i < i x, > l< I miO'i OS)' ^ 

> s s 5 > i ' ' f.niui 

> . , ! e i. e-t h x i '< on aed 

o>t i eutxSukuen serxn o * v ' 3 f - x J' 

?0f0 ^ s ^ 1 u m , < mi A . 

which contains a set ot singular values p.x. Ijk), l 2 -.(k% IJk}) for each 

\f< U , r ^ t a n Svi > v » * 

\V * c V* \\tOj VhA> W;.X i ! ^ h! naOx are asod to 

tK in x n \ x, -< t > x v! i x< fx ro o* ico ^ s 
de-senbed below. 



4 
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8 , W igh; >> iputatioa anh 230 - cluck t ch; on mis arid 

f >J is a >cs H v o ' o ! 

values, h lor the eigesimodes of the MIM.O channel. These scaling values are 
indicative of the transmit powers allocated to the eigersmocfcs. Channel inversion and 
n > ,f > n i h ! » < £ i iv h 

eft,. M 1 > m - s * 

b u n ! s ' i 1 ' 1 > ! ut 

axis HO he frequency dh 1 toss \ U for 

?~(1, 2, , v v > i iitiK a U i, « < ,> t A \ n on 

A\h 1 1H 1 I 5 2 5 > I < ol 

the MIM<> ctunm 01 for 

A - (0, t V 

> >«. \ i r ' > - 1 t >» >n ( < 

diMV< <>< > S to i ^ i- -pc , " s s <. ,< I ■> 

o \ > < . i S ; i )i'A << 

Hh^| S i i a s * < J 

<, ? > > ! ! * a t r ' > * !> T ,< -<* - s 

1 , i n j 1 a si r i * * i ( 

s is * for A - < I ... , X ••-.!) , for each cageomode such that the product of the 
s. ^ >.o 5< ■* > '*■ Ik t .<<>!< 
are a > > s n y t ta to 11 vah f I h\ \ as 

w J) i Ik) ~ < , for k ~ hK I .. . , ;V, » 1) , 

I i i t d > hs t > veighta I tj \ * > s hats, 

W,. ~ so V*. V s ' v< f » 0" k. » < hh 



V0'>O 



IS 

■wjk)~~p~~ , for A «.<) L . .V f -0. Eq<3) 
*heu a i\ a o * uto. i i n > r < v e\ t a ^cu ^ 




Eo (4) 



As shown is eqisanon (4}. : a eormaiooiOoo meter o: is deteonmed for each si gen mode 
based h : * * ; ! O s 1 for 

h ~ (U t <% , is 

defh u" J v £ t 

[SOfcS Hs ! t > 1 < i i < 5 5 x w r * c 

, h v < i i. W > ! » < ( < < !<.<.)] For. 

< < kM j h ! < to the 

eigenvsUse ,C{.^} for that bin. as shown m equation (3), To flatten the spans! 

n i h HI ik 

transmit power on any frequency n< ! . > of % weights for each > < < no<A is used 

iO ^ > 4 < s if > itSi Si !< 1 tO 

transmission on the ejgersroode. 

[I0w»j IVt tm mVordei o;rm rh< « tr i < s , A for * ( _ 

Jiagoiu* e!eme s 
i«dtees arc generally larger. El gen mode .0 (which ss often referred to as the pnneipfe 

<. M, 1 ? i. s i U 5 ! i ,0m. 

d,,.g>\d His V> u'llOA >0 id i X vo ,1 U {( * < si 

din ' N t o i iiid a o \v tv „ u ! 

mn f > i si v s e ft f x>1 ix- < S q ^ ( s to ' h ) od the 
\s % ile <. w v <• , (><. ! w » 'i h* n s fos « 1 Ihss 



5 ■ - 
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i < *n - in ' «■ fo < as > as fo ^ \ ' > v \ J 

bfo i f , f v. ! i ti 'i * \ fo nw~ the 

X ! 3 I i v !! (. ! S. ! li! Oft 

< ! f e v s u a 3) . ad n i i i\ ^ h d> if- i 

3 xo3t. ti ns ! ^ ens ;nay be pesfoemer s gemnodes 

others. For example, the channel invers;on may be perforated for each e;geos?iode 
fo < 33 K 1 > , s * v * , v U 

u t « s > > > < » ' < foten 3ha Mfob 1 

Ji s i - ! 3 t a i <i 3 33 Xnve !v 'Mvi^ytVA f> iUb 3 33 

fliMS] Channel aerersicas is described 333 further deufo in U.S. Parent. Application 
Serial i«< foW> ; ffo fo> 5 <• 0 \ t No. 

N ~ J .JO } < fo < , fo « S ifo.ro \ yh » ai No i 1 fo: fo« 

h >i! h i> f « fo» 

C< sr< in a Mefo-ChaioJ Communication System Using Selective Channel 
s e e< s\ fo assigned 3< the assignee of she present application 'usd incorporated herem 
by reference, 

Wotetfob mrinj? 

fo^fo ! > !< O i > a 

> ! s < < - x )tn he.rre! 

transmission capabilities, fo wateryoiosng power J <> < < e is anafogtats to pourrng a 
ifoed ^m,i of water into a vessel with a > nregular bottom, vfoea-e a « \ 

„e ~i p , , x 0 > >^ 3 < < ( < , < - iM i <>' \ h ! i ! U 

n g;veo pram corresponds to he: inverse of t SfoR associated with »$) t «. no d 

s fo ' n < < i < I''''-' H<1, ,i 

t S 1 hit \ ' i < > N ( o ttv S\fot « 

filled a *s 3 t'c hotta m < i m fov<. ^\Km a, tl o *u A 
no fo is iod;cfove of foe w;i3cr ses'faee % for rhe •> ade; fo of the fotai 
i ' ,il Oasvor [ i! h ^ p H s. ?0s v3 i \ ho eCs'OaOd i( sl'alb 

based m various system panwseters The power allocation is dependent on the total 
I fts 01 | f a <. H < > h o h ? f ^O * h s fo The 



IS 

« t < v O > ! ft i Vt ib-K S V v " 1 v I * v ^v >% x mi 

11070] In embodiment, rhe v i xx > e performed across ihv frequency 
dimension because rhss tends so exaggerate dx frequency selectivity of the etgenmodes 
created by the channel agenrrxxfc decomposition described shove. The <■ Uv > 

, a ! i s d ivies .re - v v s ss , < < - s 

r h ( , ! . v ; i., . ^ < 1 ... <iuu- k t\ < -> ds rx.,.d N i n be 

5 (sn < , 1 . .vs o >i s.u^ MJ>> {.he 

! jk> « t b ,i ,i uc .s 

( i uf \ . i i 1^ <. suhe « < 

j SP i ] ? ! S i X s ^ i i N « ! 

1 U < > < < ) . i ! vV C MO 

JE*8 

\ S I s * < \ 

SNK , »ii , Eq (bi 

■ a"- 

where o ;s x received nooe variance, which e 5 << be > > vC . the received 

noi.se i\ o \ s. N < < . ? Ik 

iu wiu wd< K s - c e.eo>- tx > i " ri s ^ <.> i K iK 

K tO 'its.' . * 

[lb/3] The u.i"! en? power, f n ■ be allocated to each eigemnode oscy theft be 
d tern r-ed as 

P, - m;,s| ! f ! tv ~ \ 0 | , and Eq (7a) 
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t , !N i a i ! n- he etc * N \H < n s > * > < el s <! 1 P ,„ 

s Mi w^n-oonoovko* -iwoi, o * I i l f <. >ocs 

/ i v 

» > > r ~ Ms 1 s , ■> ^ are 

l v " ! SNR ; j 

power h> aaioeste to < - heUer gigemoodea This - v indirectly b ' o<"s vdoch 

„ n \ < i 1 t! « ^> s K u 

fe >< ! >h 1 < , <5s ; 1 ? 1 it ion* b) 

[W l <• l i i s ix ; 5 i « t s 

\ ] < t H 0 ^ i 1 » 'Yv * i S vX s f i. Mid O 11 

vo'h the a I i to derive a vector of sealing values, 

h ? > ) ! v ~ i I ~ I ' ^ h P i 1 V* f »tts 

itv o,i K-t | , im i % mi Tb ' m-i! or weasei n< b a->. m ;n =>t ihe 

iriiuxmu powers allocated to die ^ eigooiTiodes, where zero or more ss^erunodes may 

K a!K\ lUO 1U tOVsS ^ f <-W< 

f 107t» H<» 4 ' « i ! . 1 > 

! !<> i i) i v i „ i 

,1 * < < < < \ J < <> l~ < (S 

0 ' ! > ! ' ' 1 U 1 N >i ' ' ' f ' 

1 t O ! X Ti < 1 | U t >. fx, x^, 

{W"\ \ <. i 1 I cfklfiPl v\H'OK 

u ! v" ' n i i ; i e 1 i < i ^ 
<. < \ * , , < , .1 '\ h i 'The 

miimli{\ (Of iengU ot * ! fin) fo? t > ; ren eraoon ? hen detera o< as 
> j vS ' < i v j , \ r i i <. > 

1 I <. i ■> i u v / \.av°" J o < . in us i i 

s H< Ivsf v l id s<„"< + !\* f i OS* 5 -->>s 5 s v oood < i 



ao 

t > to h * ! t >s '* K * <. s * i * » v \K& roi i 

age -s t^xtes s h i J n ^ e cs cd i 



l(C*} < ^ , - s vi b Im) .k k<' e??CV,t »<! C\ 

/(/?;. The ;adex ; ■.-a. to t : >.\ through the e;ge«modes in set /'dp is uPdahxed to 
one p.c, < ~ d< ' ! e o I * t i > < xxh 



Each cigcnmode in set is allocated transunu power, P s , so $mp 422. Steps 424 and 

rj< i U ) > i if U > 

[Wm] TO* SA s < ( ^ for ;m 

exaagiie MIMO system with hsree dgewmodes. Kxh aigeumode has sm diverse SNR 

v. * 4 af , ~ { J P xhu f <^ < f i 

If- 1 ! < < * f- v ! ; j * / > / < < > 

fp^w.vha ^> -vr!- 1 a i !> I P > \ T5> } U< <u i^ 1 ^^ f'tu w 
the a ' the shaded and unshaded appons ir> FIG. 5A. 

0 < - . x * f i I t >a fj" * 

1 t ! a i< •> J P m >• < *. t 
sh n <> ^a ^ \ t . * i' 1 s ' < < , Si r\ t i b . 

v . r t i <■ or * , ' -o . t <>< ia 3 Hi f s ii 

' J. ,p ( < > > ! ! H > fit! 1 i) i * 

£..<pp -m amount of p© ) located t« >< - de « by 

utS Kimg th ! ^ ! ^ SNR 4 that cm get node T rem the final pows level 
r > t s •> s > * < d < st? m t P s 

s) Ht, ^ u > t ^ M 



Eq (P; 



ai 

I 10831 R; I rnng b;u k to FT j 4 ,a the ■ nd oi the powei aiJocsdon, a dtetennmauon 

Si <, < f d !» u 1 v > N - 0 > 

! 128). If 5 yes s f p > c< s < ( r ; < o i 

i i i * 5 v s f3 Ff k n is 

incremated by one (; .e„ o h I } (step 432). The process then returns fo step 416 to 

1 MS ' > ) U J s ! < 

The t'usx continues until ail eigenmedes j sei /<»■ have been allocated positive 

? > t > v <iv J t s o x are 

allocated zero power, 

I I] \\ > bed i s . i Iff! n 

! ( Communication - v is 

in t » ee? \ s > ! i s >* ! 

f h A s \X k J > i ! s \ HI 

Serb! h y?8,Ts2 N< i x - s m P < 1 « 

Aha n ti t a MJMO L ims i i Ka i»>ii SystemT Idee October 15. 2001. Water- 

v i - < » > s ' » i v ' < « n I N 

! ' , ? f > 1 i n n ?nto o ) . 

(C$1) Muhtpte Input Mult.pk- <>"tpm iMfMO) Systems.* ftkd January >3. 2002 
These > » - > N < > < 5 • \ 1 p , f and 

incorporated herein 'by reference . 

MM? I e ^ 'e n - -> -< s TU >f > t.<<ui ! !ai«e Sort ; poxes 

t - ^ ^ eO ' ■■ v ! , !> HIT , i. V , h 

ihx h ~ \b \ for ths ei genius bach hog volts for a 

w> ! < i ! u < > f ' < * << lort 
dgernnode. 

^ | , \\\ s < d K ' i ^ lO' - nf, 

v <t o i v s \ s ^ >n ! < - Hi v f w o ic ftf, uo !<: es he 

derived as; 



wo > 
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am^-A. , for £ ss (0, L ... < A ! 1: — , Eq(iO) 

* e! m>n >s i n ,> o ^ < >i >*• . \ v Vm 1 . 
;i>ove. 

iiK > < it n ob : i s s <> s - os. W, 

which n >e ->-s^-fo • r • ne ^osJjS - x- > <« < - teh weighting sruw 

W .1 i ! v ^ v ' v s v 

< v < i k ! > n cadi 

Vf Ji o >< p < s * <n, : Ei|C;lia) 

*h f w,(k) » derived k ! < s" in equation (3) Arid if bod- ehsnnes m atnf 
s ft o uo \. I d v > u< v ■■iv i is s IVo for 

A - CO, K ... , N?- i) « is defined ss: 

\% S fo - dmg (w :i (fo, h% u) h , N (* }} , Eq (1 lt>| 

vb>» < <^ s> » ^< ^ v t i s 0* 

f*<*\ \ , s , ,> > u 5 - - p ^ ^;<P.<P'P of ™ P 

! \ \ < i *\ i i ' , <. is i s < " t « ( 

> 5 i W ! \ i * < 1 >.v 1 

<> v^iv ^ s - i r < h t i< < < ^ ^ s O^V-i 

P\ i m f P ^ U \ > !fV UCC ' VM !.'»\Ol!i) 

>1 \* v * Tf v. ' v ' 1 f if fox 

k (0, 1, .... ^ 1 k. i 



i i 



, s ! , s <,s \ k n i > f, „ n - >;vj J eu as 

\X < h s >>i n > - t ! otu v. <f? o k 

rrodsibtiors symbol vecroro 

| Hm vn sttvci ' V.^W ited to derh e spasio-tan 1 

p,f«)==fFPTiv v ; vi;j . mm) 

i i J \ t i i < \ 1 v * v i m> } < , o m >>i * { > is a 

set M \ hi 1 t \ n s o 

] in' X „ U v P ( n,<> 

is a steering vector for o < m e '> element of no . 

; 0?oo: a convokes' 240 receives arid , m'hi) the e it i syotbo; vectors;, 

i 1 P i v?>>< 

, It . < i Pi! 'i ^i' ,iKi the 

owSuo <r ' ^ v I I* (\> n \ * <'N|«cv^o s 

M<<> >> iMsu; -o , Eq<13) 

1 So i ! - ^ ^ . 0s k sit c< « » o i 5 ' "i f< i<ol i. To 

esc the s -rh desoeot of the vector v f> tor Oroe n, \ [n] , the oo>er product of live h 
row of the matrix P«f€ ! with the vector $(n - 1) is formed for a number of delay 
sees fee, , 0 <■■-:< (A s $ iceumuh ( h« el n« <> 

^ t. > < < e s > tv s t f 30\ i > < t» > iu t 

>,1 > > V ! >< i. V * i S ' i < . t ! t M V 

«f s 0 f ! O I s 1 ( >> i hi Oil 

oo< i ( r i j » \ . P ■ t. the \e.ko v ) 
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n s u d K^p ! ^ t v J; no ?x N ; u ee vi o si!^ ! 

! S ! i <. v. U ^ v > 1 X ! 

< <i< <i 0 J ^ ;0\ii ^-..to,". M« , OOh mcd e-kamns a U> tiy 

^iiioKs' ^ fo o m K < mo i k I '<v.r -> fo V> t! W 'k - -iiK'itKV le Jv « th 
syufooi period. The AT preconditioned symbol sequences are provided to ttaoxuouers 
122a through I ed p 0 * -> n ,! s o whmh are then 

! S i s J 1 X < \ 

i i » A , TK J H U <n . e I 

1 e rr \ i ! * ' s, < > i 

i > I (< < < < v < ! i ! i 5 , > < r d 

which are well-known u d>o digital si goal processor field, for implementing ftmte- 
11 t juenos r In this? case, the 

sequences that make up the elements oi the reruns Pfofo for n id, L ... Ah 1? 
are vach padded with. A' ( , - -V , xeros, mxokrog is a. ouu>\ of zero-padded sequences, 
q tfo hr »~>0 1 V,, p. A.? V,, w tnt fssl Fo j i > II 's lot 

' x i i n iJ u [ c ! r l K sss q Wihit, 1 n i )tio 

Q ; Jk) for k-(0, I ... : ./v„ 

11P^ ! S< !i >» ! S ^ < ^ i Ot 

s(.o) iis Kh m km > f e <•* 'eogd X - bV V ; , 1 I uh 

> i > x x lt V s > > J > ou n it < E< O 

hi \ . The sequences of |(o) are thus preeessed to provide sequences of vectors 

0 s ! e i , 1 ! it 

to the rmroqaadded subsequences. Ao \ -pomt ! Fourier transform o * competed 
for each ! She 2ero-padded aabeeqaeaecv resuh.';q< o's a sequenea of d> ' '« 

tvi> n ! , s « .,cs <xi > k 5 o to«- 8 { 'M, ;m a e i o\ ed* 

sel oi freqee;my-do?ruua vectors ot iengf.h AT (To. for k ~ (0, L .... , tY f> ~X)). The 
matrix Q,..(-T't !S then ■ra.-ltrpued with the vector S f (A-) t for each value or t, vvhese the 
pre mult >b;catior 'o t\ >rrned iot each value of s i.e foi ^ ~ (0, I , ?N - t) . 



wo 2iummi>r 
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The inverse FFTs are then computed for she mau; k -vector product Q^TiSpP) so 
o >Vii -c < * i > e h. \m p i U . \ H s \ > 

, hfi! >! 1 ! v > Is s e - ' i . s< u 

i»> ! fV n h „ - m.Ui. e a i p \Cn tQ»* dv .n ix 

< S ^ ! > K ( ii I s \ 

> ii Ik 0 > ! ! II !l \ 

js s i s > i x ! I f . o o- ! i \s s f e- \ ^\ < a woec* 

.o as't o oJuK i <! -vp i - >ir, s o\ s \oe i^ vnisy 

n h > > , t < < ; < < <;k > ^ * ^ v.-i^ i0>; 

! > ! I U ! I ' !. s s v M 

> v 0 i » > , V V> N * , t ,h S 

>'h.I (step 614;. TP?;; met ^ may be the estimated channel iiw d>t response 

"SiKiiX i > 5 i ■> 1$ v ->{ h >t) 

provmed to she < m ' irons sirs receiver. The e^osnaied ' rm response mareix 
i decomposed (e.g., usieg channel cnpen--deeornposii;oe; So obram a set of msmecx 
\ \ >d > s , n p 6 - e) 

1§M wmml o - < < '^i - « 

' e ^ i S ! ! x i. ( 1 < < 

>; jci < < 1 i k< f . . n' e 

mlerfcrcoce at the receiver bv m versing the i m )< response of each etgenumde 
o- \< ;T* v \e 

10 ! > | \ S N IS f ! 5 < I U< < d I 1 I 5 S«. IN > * 

ii:g!.i!;;s v > h.< p.ef i < xlkauet « lb s 

- ^ >. in i > - . - > > p un ii . n 

, so s> ,\! she iraesmn povveo; of She selected ' m 

U<>*HM \ pi i r ^ • > of 

rjlil 4 ^ ^H'n \ 1 v x ^ v ? s i el I ' ! ' ! ! 

n ,w b oSs 1 o 1 ^ , \u<o c > , h, , s,r s x *< !\ i <e -cd m 

,h , t« t os ' i. . -> ov f > \ v *)e >- ^1 !v? so 
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S > li t S ' x <- < S <.< v , , I \ \ > t ( 1 v 

M*W5 ! i !> ! 1 \ > I !)^ i v <. s 

;«d c. ;:ci goer: eg i dss firjcd sn ianhe? dcOad in 1 S Paten; App;.<.:o>;i Sena! No. 
10/01 7,038, emitted *. J - Trarisrno and Receive o * n < 

n i 0 ( nc s > VMO ^ d v >v , 1 v eh x 
assigned to the assies of the u 1 appi?catia« J u i herein by reference. 

1 1 mm hg 7 >> > < ; r j t o , 'v o < < \ o 

of < ' < a sum processing teehrnqoes described herein. Receiver coir. 700 O 

> < f s r portion r PIG, L Receiver u 

700 in odi * ( i RJs vflMt »n esso >0a ih i processes ,0V ex creed yr.nbol 

N )\ < > x i 1 > < ! ! > ^ S 1 

j < i < des • he o v ?nh > po<v ;ee dec oeOo 

RX MIMO processor 160a and OX data no\ s 162a are one nn, d>- < of .RX 
\tl\10 ! ! i' x \ ■> | s Hi* I 

mn\ \s { tt i,0 olid i, h«. -o nsrod'i. J \ \ih, ;t n* 
r i -» s ! < ? i iOi .H.d 

i » n rs ' f <. t v we i s < ^ ! * a ' 

0 5di ocetvcf 154 condition t.e,e site s ampki no 1 i < ,j v - 
dovcoeooYeris} a respective received sigrsaU and Ociher chgtez.es i.be coeds Ooncd signal 

p 5 v i \ > s> te I v 1 n 15 te in i il 

n > n a > ^ W V \ i \\ i Sc * <• f f i *<< U i ^ f 
f an ^ , ) * ^ ' » 'i u ) Iihm'm n 

^ > v s ' ^ ! 5 i n )!> K v U' 

W O , > ' s ! h i >i \ 

i ! 5 > i vtse i na n 

provjded so OX MIOIO processor OiOa. 
I Hi 2 X\ n <\ %0\?< < > s* > t son < . t 5 << " ? co se 

1 n I * n is o > i. t > ! h ' t ex r t< 

^ t 1 U li C N 1 1 d i \ ' JO ' 1 ! % < * 5 



O O Osh4/nt<2ss-n I'tli^iiii'ii.,; 



\ 5 ch iv v. ?< ><> sc.r. >srs H P M ' 

fl 103] N i ! " ! ' M v for 

f , * <>i ? , ? i ^ , h ,v O \ l„ 

Each column of U , where , - si 0 v . i * . JJi/V,, - i » s o a »o nn Vector for o 
corresponding element of o > sod ;s used v v , *> 5 ^ teee-ved symbol 

! v ! * s An -PIT ?!S In e s foe inverse FFF of I to obhun a ' o Xi 

■ ' \ % << u ». noons, ?ifo> : for she receoer aysteno 

!'H04i focot i '! , viv k \i ov m vofoo s h wit! f 

l (if i ' l i l i !! ? 

recovered symbol -vectors, sod : which are estimates of the n-o>dehaion syrobo! vectors, 
sin), h < > ' ! ^o fo 

expressed as: 

!i ! j <!,!;<>> 

i m ire sis t i described above \ } ran hit > i! s ' s On d 

of received symbol vectors, s 1 ere each hi,, up i soe-uo.:ucno<a of x received 
syrnbois, and each stsbsequenee is eeroosodoeo to provide a corresponding vector > 
length Afo The Ad sequences of rdfo ere Poo; processed to prov-de Ad sequences of 

n v e it" i s fo !!? »! ( f > > <0 > i 

correspond to the zero-padded, subsequences. Each zero-padded sohsequence js- then 
lo-uodorn <>> I resulting h sequ i e of l erp , \ man < on K I * 
for o s 1 •> >! R b i u\ 1 ^ v.v s * 

fr;<quc y-domasn vecto cf k gt \f iis or k (0 I A "£)) 
fiiCfo] The conjugate transpose of she spatio-temporal pulse-shaping matrix, 
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six., or k K I N * he vector for eerd sh e 1 

ihen m - \t o vVi-j , c< ^ 4 m -p v n o\ I ' u > <v, *-$e si c ps t 

> sj is ?v > i.-^v ^ >< it < * i < *.-< i, ... , .Y t >--r>> to 

ohtam ; \m In, i v < v v s VvM K.o* OS 

Si ; i it "> i \t t ! > , <■ 

,r> m\c?\* d 1 ■■' i " X t < » }■ » t 'so >1 m^- oi>\^ ^e w -«> ovt* 
Ad, ,5 ( it n N <• 

»n rt,M } N ,\! \\ Mt t I t > >n s: < ) N v. O t 

>>rd\ \ which <. ^ > i 1 ;v h> v. ofrccovered sysohol vector;:, v . 

s tr ; ■> < v , 

n> the rime do?na>rs, as toHo^vs: 

Kw.'-£0^si«-e-)4.i(«) , Eq(l5> 

where Oil is tftfe inverse FFT of Hu ■■■■ A/#) ; and 

|{>0 t the received noiss ss «J by the * ow t o x> pulse- 

^ > < t it , 

l^H x x ' < s , > < < 1 < ! > f » t < < Dm 

A . >>> n k X M \tv , v } - - v h \ x < A ttK f Of 

0«) v he IFF! of a set of singui 

% KS *N s f t> f 

C 1 10B.1 The two forms for ordering the singular: values, sorted and tso < > t 

\ - i c.c'ee | For the SO! 

>f „ vsm I ,>!> !' a t i aycal - t'h- IM i 1 ' ■ <\ <\'-i ^Otvi s> ! 

eaeigy eociorc. The pulse corresponding so the first diagonal ekuarnt of die e;geropuise 

\ I t < d she | raspers*, elements furt 

cov * sIk i it,- )«, cs v. s ^ u u k st h d \ > 

, a>* jh ctiS -s Hi (». tv , vM >n < <, o! V< 'ic^- -c\ h - t eule or svo 

wees *he er^og>s s c<ke't ers; oi ! 3 v. f t ss^'i p fhes. ..a > WR 



wo i&wwm: 



m s i "O-iso mm*,* 



20 

iso i . es s v v , <s is o "o , o ^ I i . 

dot loo Ik i i v u uv < h v. ! out. toemdrntKi t t <. 

1 0 \ \ } K h<> v, i „ «. 

tk <^d om and medal o < <> I * >. o ^ c\ s g<-m go v 

s 0*0 > U ill X i 

may be used to further -. n I coding ux modulation ^ to avoid me complexity of 

M. j> I 1 ! O < i , h f < a i > si Id 

! ! ; b t <. n ^ , U > s i * i \ i\ 

random ncaead of o no- based on doer magrntade or soe. Tins namcan ordering can 
result m approaonnU:eiy espial energy m ad of the emeu-pulses When the- SNR is low 
; u t <i i >. 5 i i m o st b s 

l ! OiK \ 1 

nou-eero energy is the same independent of SNR, At * I SKRs, ihc random -order 
form has the advantage that a I of the <. s > v have approximately equal energy, m 
ftiik 1 case separate coding and modchumn for different eigenmodes are not repotted, 
[111.0] if ! j resporm «♦ i , \n nay v the 

v s( m I a I m > V> .MllO'.WMU ^< <■ c< 5i 0^ 4 tit 

, St , ; K oh K >l 

-i» nave Suds asHOs\o n >'>o 1 > ^ s 

eoeobvely performed in that , , a , ' s » would f be mqmred at the 
a> 1 > ' 

UH1] ItKil ii, nv a somePe e v . t t v u n o«. t 1 

, , > , > ii M t m < u i > m > ' m 

Os, V v si < ! t U . i i ! o>> 

! - v ! * * i . iK < i it 

i v. v > s 5 i v o 1 \ j eo-uv > p ( > i>d 

^ iMO ti , ( f 1 ' •, < > 

UP ^< N > ; - a p< \ t ' i v md ? i < '< 

decoepied of o, orthogonal) recovered symbol streams at the receiver, the complexity of 
the eqnaheahoo ?eoaoed for the decoupled eyrnbol soeariis o greatiy manned, bo 
ioon ■• o he ■> u ' < * > ? ^ 

ttKlependor-t .symbol slrenan\ Toe e>m * : rm*n raay be performed as described m the 
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, '\ < o cJ U,S. hik-;:; * > Serial No. jO/{H?i33S, and ■ ;■ U.S. 

> > o \ k ^ \ \ N ^ V ! a v I r 5 i 

O.K << V. - > - - im ^ 5 > x * f ^iil I !^ ^ 

i !u 5 v ' a * o > 

(Hit, s h > d a< » > 11 ^ , o ^ » v - m ] a 

I I \ sor 162 essor '62 yrobol dem ppm 

element 732 demodulates each recovered symbol m sin) m accordance with a 
km -adeem scheme that is cowplememary it) the raodalaaoa scheme used for d.st 

v ' -< s i ' J> U m if * i 1 '> Vfboi 'kiTJJ t\ 

f i or I a ! -a a is 

f a m decoded by a decoder 736 < obtam the decoded bbs, d ; , winch are estimates of 

} s > i < } u ! \ \ ' < 

* jnf a < 

the i ' .system. For exaorpie, a 1 u o decoder or a Vkerbi decoder i be used 
a <fe J6 II Turbo or com* aii nal mhae rsespi t performed ;« the 

mmsmdmr system. 

fllWl I lii. "•** Is a fiov* <haj!r&m o i aoeess 3 H> thai ma> h |x the 
o o i unit m * < a f <m the various receive p \ n\ iechna.jui.-s described m. o 
Initially., an estimated chsrmel response maim for dm MIMO channel ss obtamed a ; 
Bid). !> "v < s v s ^ o . ',0 m i 

! ^ <\ ' ! U i > a > I! a be 

i - ? ! <■ V ■ > The 

estiraatcd cham-isa response matrix m dmo decomposed (e.g., a;ara; charmet ihh 

»i Uli'H! \ x t ( > i f 

[.IBS] A ^i,H ,i p'f •> i is hoc; oeouxi > c r -he rn..ara.e\ <1 km 

eigeo-vectors, 1.) (step 8 id). The streams of* received symbols are men conditioned « 

o v " * < C OO aam < ^ > n< c • <he >, , 4 - a r am > 

to f O' Je a £ > .v * ' t , s M i s ' 5i o <^o c v < •>> 

v\ v t v. > . . -i! v. < i h 
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d I dam (step 820} 

III!* 1 1 1 I f > ! N f 

r.K-d * ! vv ! s n > > v I N \ r> I No 

10/017,038. 

iUH « in, > r ii, - d < ! Atvi.s.M .u > ns J a 

t > v i <!>(<! K!H \ ' v v 

! ! I i O^ X ^ v ) > s > 

> r\ . s o « I > - \ \ t t i K -on. v. >rd 

tUi< i s f n ! the 

, Si o ! > , i !( u.i, .us si x v n ^>t w a o tr * 

; i > t < < for a 

hardware u ^ \ », » <i i >. e c^o used to perform various signs! > n steps 

l , { j K * < > ' \ l v. >\ 5 V v> V 

«\ t-\ CO ! !i I ! <1 ^< 3 

allocation, derive she t f N e pylse-ahaping n er v precondition the i wo 

, o ^ k uio -s v - v res t n 

derive the weaver p condition t vrobols Sen?; u a 

and do. one Ore recovered symbol v and so on) may be implemented .v>fhm one or more 
application spec die integrated dreads OASICs;.. oiguai scared processors (DSPsc ot n 
spread ' s s ' ire , y s > v , < ,,re h Ss > l' i'vi vie 

lS > s \ « > \ ' <n i < j< lie s 

> , <> < ^ s i o (! eerereuk s o-, t i i > ■ » I i » k \ 

hesu;;. or a cnmhinadon thereof. 

\Vll9'l For a software oeplrenenOuion, some or ail of the signs! processing steps at 
each "> t \ s - , , , ' •»'»,< h ;co kd (e.g., 

re\ J iV \ 'dm > w m t < '<t v o The 

i n u r i s i. i no 

I executed by a processor U s I > r ? o f t 

fe< mi in I ss \k i ! < pr< r, in whi xe n can 

i i > > o ! <■ \ <. re i < wi v pr.-vcssor v:a s t 0 \ oscaus as is i-.oov.re s Use n 
if 1 1#\ The previous desenptson of d;e disclosed ? * is providcO io eosdic 

any person %kil\e.d n «he art io n>ake or use the present invention. V^nou-s 
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! <. I H * < S > I V s >- it > S 

arid the genera. > im i f ?i * ! * v t s be applied k> other i r f . is i wkhom 
hi > > h< | ! V! 5 ! s ' o s 

i ii > ! ! < I !> e ! A 
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CLAIMS 

t in a mukipie-mpuf. mnkipte-OHtput CM MO) comroiudeatso?; system, a 
method for processing data for transmission over 8 MMO channel, comprising: 

i s > t < i > < < i u'!'i,n>.i hopov5\< v v ;\ o-ovsdo 
Mi b :V- ams f modi 1 ft ftbois, 

; x - I o MI MO 

< i3!Tfi< - i « iii 5 m dn i symbol im ri ren a ; r«s ive; and 

go do,<>: n.g the phjoPby of nwiidatk-n symbol on-ano based on the mdso- 

S 5 f I , << ' \ uiMv 

oan\iro!sv.on over the balMO channel 

2. The method: of ebb n> 1 , further composing: 

h n > ion 1 'response mstm 

X, \ > ! \ V i 1. V >i 

i < ^ v > { < <s e i i \ei oo 

the weights. 

3. s - > ■> ' > * > 

eon ! > . h * , n o lit m ),( t < o ! 

iatneea ol esgen \ i b a ps Pv ot si e ? „ n ds nd 

s ! I ftft if it 

I f 1 si ) mnrm. Pother den yea based on do; enamcex ot eigenvectors. 

4. The method of claim 2, wherein the estimated channel response matrix is 

s ; - | <. > i M>\ 

to < , ' Ni *«■ u < v i <. I dfo 

V ! N 1 1 ! ' . i i ' i < i I 

r vl I heceucv n^po^e >a ;he<.^<u g^,:Jmc ugutm cte 
v Uk Hi h> 4 i i \ i O 5 . 
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Si ki , ! ! S ''Kit 

till >'-!<> v i KS! - > > v fo i s ' > i s K 

scaling values. 

?. 1 I l << I <i * .! * , " 0 S s 

waser-pouring analysis 

5S,- iK s><h- ^ (! s i. v > <s ! » .0 s , UN 

> 5 Ji<S < < ii t-> .< < < ! i v i > d J i >l 

0, i f ! < , -! , st . , I , 1, 

Iticn;!. I * . t < rc\ ?' <>A J 1 ', 

m^sms^nm capabdidss below a pamadar 1 - < d u t used r data transmission. 

\onrJ 'i i * * a " 1 u,' 

P ii-.M^oUt ' o > \ a' rs ' > st ^<<s s , 

, Uid { is ! Si . < ! I V Is <s< Hi i J lll^H h 

apf-U s1il\-jVb tijid Uvi- !S is , \, , p^is I; S i 

i . lse~shapmg mains <> i 

, < s Si f ( ?!<!!!)! 

„ 0' s^ N N > 0 > nV v ' K*S<s,„15\ « ffi ' H' I M !!i 

! p " m\ i t\i i s 

■* The i < > i of cbm? d wherein - - <■< r ^ vn - composes a 
psurshu ed scCjUSRCtiJ! o! frequency- domwo »;*Uk-s. and wheret* the preconditioning is 

5 is 1 ,0,H v Hot -N.irwt'VJs 

.modulation symbols wuh ti i *d s < > , matrix. 
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n\ m ^ i 'if !f >i J x\ o m ■> ; o v VIM 

channel bavs?ig greats? o'asr^mrvnon capabilities. 

\i T'he method o 5 ? s ris jsctenved 

n ! ,s M < t 1 * ms\\m 

i v > t l * if vs ^ is !<ofo- a v x n • 

?.?. S } i 3Si 1 ' ! 1 * ! \ > V 

i I , it h s i f > < i o r h 

i i * 5 , * < J !, J . > h * N u i 

n ■) n ! 5 ! ' > <- < 

1.9, ,n s ! off i 1 i! i ' i -> (MIMO) , • inii! ii i i >.stf o5, a 
-ne hou for processing date for transmission over i MIMO channoi. comprising: 

i t n <( < , f i t> <i< x 

ptershry oS o? f > i 5 1? <> symbols; 

; 1 5 \» M ,o 

tV >.i ) < J ^ f o ' ' " n * Ms ot 

}> ik 1 ! i is ' i i i< 

1 < ! i i UUfi 

s i i s ! r ^ > i 

j t s<. s • ^ ! (1 nj > ! fli 1 ^ < it < < ' f 1 > 5 N 

we vs nd 

« \<nd» { ' the pkraifty of streams of modulation symbols based on the 
^ \Uo x s <s > <><\ { * < <'—(,< s !> <<\ <. wK^Vi 

\ 1 s i ,V s ,X N ^ 

20 Vh< mtrlhodo* : u:n lo -firiici ^omp^s^g 

M ,! s t v-Iiif Lt ''isu li 1 i r o * v« H s hi s 

^'x cf ^ >• iUt » 3h(0s 's u ed *jiiN ^ <■ is 3 N ^ i ! 's„ 
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- :a in ; va es 

' .0 0 > t t «l ^ 

1 s>1>! r < f i ! < * o 

xocess dat cot ce with a particular proce scheme to provide a 
, 1 - s n; of modi - amis; 

i i * v 1 u, ,\ s i MsVn 

<oo d <>i t o 3 i , ' o x < t - , * f,v* 

i m n rhc pkosbby of streams of moddaisoo symbols based on t pabe- 

d Oi oh >■ ' o i < i i 1 s t 1 " is { ' 

transmission over dm MIMO channel 

,V in a smd >' a 1 o ? ^ < •> ro -)i a s ' s\s?mu 3 

>i dmd ! j sN>m »> v> < < N 1 

obtaining o s i 1 chancel response matrix < ft MIMO d nne 

com" t i - , 
at o ^ no ^ < s 

i i < !*.o uoen wamrs, ,md 
conditioning 3 pbombty of streams of received syoboob based on she poise- 

t< N ! i tX ?0 t ' >i i » td ! i 

,Msn iU s o s n < v . < 1 ! ^ r o . s t us ^n to 

no t it m< - >o , o 'wi* ! f ( i ! < i< oo *>< < < 

\H\ <> ) t , i t> i 

m « > >•» ^ s o , , t < , , Oi << i< ' sodorrrd n \\ o 

time domain based oo a tune-domom putee -shaping matrix, 

24 !'ne mo > * ! .da.ro .bb o t » condnmnstm s > *b> n ad nt the 

frequency doman mm includes 

t i \i « > t i\ -d wiriV streas ! vbo us 

rmdopiys * ned tcc< d s s < s ns with a freqaerscyofo t 

» m n •* ! matrix to provide a pbnabty of conditioned symbol streams; and 
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om i u a ' I . <m \ 0 >> o ! ' < > U % i \ ! k is a s u i> ^ m m 
m > ie pi ilk t meo< < ymbo m sr; 

U ii ? > 1 v * \ » OK! ! 

m < < of mods < < > rm \ er MIMO< «« 

26. The method of d mo 22, further comprising 

i I i s s u ' d aym c i stance with one 

of more d * < a schemes to provide a plurality of demodulated data streams; 

decoding the plurality of demodulated dm streams m accordance with one or 
morera oding >< is to po id decoded data 

.1? ire method m , urn ? f. 

i j t j * < < *o i i.d channc 

, s\ - s < ? fjy » (! l ; 

sending the CSI back to the tmasmmer. 

in * s> co j 

method for processing a data transmission received am aMIMO chaiumh comprising, 
obtaining 30 >-vi arc o channel response matrix for die MIMO ehanaef; 

^^ <' t v ! v > if < t i < < < >bOi i > t < i < ^ « » 

auifrsces of eigenvectors. 

1 - J ! i \ i, i<>< i >! 

a ! u v ! m > s > n < I m * s. ■> 

s> « us s e n > ! i > s n i hi 

> am > of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols am \ a at a transmitter, prior to \ n n s aver the 

MiMO channel, m a manner to reduce m t interference al e receiver; 

demodulating th p dhyo j >I stream ccor* v 

or more demo* > schemes m po:o i dem n I d t n f m< 

u\k oh In ihts o d m i < > m > » i i s ' * «. I , j 

more decoding schemes to provide decoded data. 
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M > , 0) i I V It <> ! U I U sM 

device (DSFD) capable of nnerpreting digital iefonrunio-n > 

iv^'t^ ot h Iki tM i to V'MO 

I i u 

tKon>< h i n 1 > <. > < 

matrices of eigen - \ e< tots; 

1, in i j is s h ,d n J n k, ui> u ion ,rtj 

mv , > h ^ s* 1. 1 » sud Si h K Mir !K t ^ i ^ ft 

k U5\ KH\ » > A l« ^ ^ ,<<V> i^O ><- !X> <■ ih >t< < ^J-'WtvMff 

! V, ! ) < , ( i i ! ! V iO Mi 

<f,i t ; S < t < ! N ^lv X 

- 1 S i if i I i i < 1 % < , 1 M fee. i - V a < - v, i 

eoremumcaooe system, compnsirig; 

\ < !t\^ ! I' ) < 1 < p fi <S t 

processing scheme to ptovitk ,- piuralisy of streams of modelsbort symbols; and 

sTXMAlOiH ^t !S ? > oe;M , pi \e vupift<Mi\ u < - v * ti <ft 
s i UMt hai > < > nb 

mterfereace 3t a receiver, ami to precondition the pluuaoy of s 1 1 met syotbcS 

i II S > V t < | ) <i <• I s | 

- V. Of J O I. ^ 'N * . U * 

nj i i i m t ' ^ * > >> 

po \\\h.i't i 1 1 ! < i i s i 5 nn i 

motnx for the MfMO ehanoeh m .o. r the weights see used to invert the frequency 
;espor§e the MIMOchntme , f > < ■> ■> t ;e 

tn \iO oft < v we -nt 

32. The uansojitJer tun! »•? comei H, wherein the IX M1MO processor sn 
uirtt>vei tueuii' hi 1 i -c i '< > 'Mi 

i>(.u o \ o\ w t s.- of >ogm «o t , o< t! < < - os rf \ *guhn values ^d 
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where; n the weighs ;ue derived bas&d on iht matrices of singular values and the pulse- 
Shaping matrix is further derived based on the matrices of eigenvectors. 

\ ,< > N i i -! V ! \ \ V > o^O! 

rt >evmo „><!><! . % 1 * u - o^ o 

s i v Ml V I > i : ' h {>< Vil on 

Si •< U < h ' , s 

34.. The touism; uet it <. of i if 33, wherein ihe scaling values are derived 
baaed on ^ > < f > aaaiysa; on a dn > ;-.a mainces of singular values obtained 
">o - a { , s j <;<< j ! ^ f \ 

i? an r> v ! \ i i ^ 1 

> " X i> 

UOa^ mu M i O i t< < v x ....'f 

oa n.e el s >- v >o 1 " oOo!\ 

5 J ! | y N v 1 N N > \ O I 

MM «< ' 1 ' ' v 

> i n t < f<> o ( h K«ius 

i > ^ ,e in i > v > • >< n f * > > n 1 < 

iraTrira^mn oves i \ MlMOehaanca 

\ d^ i i : a ^ ■ < i > - ; 
„ , ^ s t e> 5 < > > < i >. > i ^ » So 

provide a pknsnby of soearns of modulation syaibols. 

> a u a n 1 >> < . <»» f a \ > \ * 

! ' j ? M i i I i« > S > i » if !< n > 

nnerfereace ai a receiver: arid 

iO "U\f>ll it v I V < H xU S% ,J ><. i \ , i 

- • v > » < 1 I ■> ^ e> , ^ >i,u ><u >* * Sl o • < 
a a v m !- ovu :hc MtStO ehviiwei 
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> 1 i S<li ! > I < X ^ 

nRvMl'i <- 'uvc ) , ttv\\ et 

matrix for a MIMO change; 1 for a * > >\ -, decompose the eadfsmted 
channel response in m * t > > i « ■, < \ 

|Ms , \ , , x, > x < , x i 

m,ii \ of reces vi-d v\ based r< I psdse shaping mamx e<? o< ipiuu l> % of 

over t MIMO cioj^ooL whemo; tot o i >S , > symbols were 1 i o t k> 

he) . * t > s > t V m ' > Ik. 

mu \ i i i s i »t > 

Am s < « 

sre^^M x «>ut„t e^, t t i $ p\\ ^ ' o •> »>s , f dt<t 

operative la condition the plurality of streams of received symbols m the tmie domain 
teed oti 3 ntrsc-dofn^nt puix-staping matrix. 

! !< '* <. i N X \ 

eomooooesbsn system, comprismp: 

> ! i ^ j s t ! § ,j > \ \ -.m umei 

,< a i-i a Jala ur -eev^>e, 

x ... d I V V \ ( Obt iff > 

plurality of minces of tmeo- vectors: 

1 S > ! S > i. X ! is 

vector 55; arid 

x tomtvOU» " * ' 1 < b » 1 i. die 

u^nniNi > d ! ! i>h i !i i 0 < < v 

(V m? neo >s \ < b ' > > > t * ^ < 

- Odvl t \ " 1 ^ ! I X 1 > ! I V. f i '< l! i 1 

Xifbh * , ore ^ so . mx? e moece ? -k" % * o ^ i a swer. e ; 
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rnu&pk-omput CMIMO) channel used for a data uansmissjon; 
plurality > i matrices t , > >c > vectors; 

! >i,i>i 

K 9 fo coTSditK | jht\ - of ft ftU i ( >>s loi *» 

> t n * u< I ? ! <> > 1 

r?KX« jfn x 5 s - f , in i !< < *. s > ii t t so v\0'?H' 



pi 5 \ \ * 




r< m >v 
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C *■* Z) 





Define ins set of eigeomodes, 
/{«}. to wrncti transmit power 
is to be distributed 










Determine the cardinality of i/ v f?) 



,4)4 



I 



Determine ibe tots; effective po-^en 
available for distribution 
to the eig&rimodes m set i{n) 

i ZZ 




i>o. : *.s2««v-sm ! m-.>< 





1 2 3 

Eigenmodes 

FI& SB 



Stan 



Process data in accordance with a 
particular processing scheme to 

$ams of modulation symbols 



r ei2 



Obtain an 
response matrix for the MIMO channel 
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